We demonstrate a high-efficiency, high-power-nanosecond fiber laser-pumped broadband mid-infrared output based on a linearly chirped PPMgLN crystal. By using a linearly polarized pulsed Yb-doped fiber laser as the pump, we experimentally obtain a 1.22-W broadband mid-infrared laser output under pump power of 10.15 W. The 3-dB bandwidths of the idler and signal output are approxiwately 150 and 13 nm, centering at 3.60 and 1.51 µm, respectively. The measured idler spectrum shows a smooth spectral profile.
High-power broadband mid-infrared (IR) laser is of great interest in many applications, such as gas monitoring and highly sensitive chemical analysis. With the advantages of flexible grating structure design and the use of the highest nonlinear coefficient, periodically poled lithium niobate (PPLN) and/or aperiodically poled lithum niobate (APLN) are widely applied to the generation of broadband mid-IR laser. A feasible method to obtain broadband mid-IR laser output with a PPLN-based optical parametric oscillator (OPO) is to utilize a widebandwidth laser as the pump. In this way, Das et al. reported a 5.3-W, 63.7-cm −1 bandwidth idler output centering at 3 454 nm when pumping PPMgLN using a 73.9-cm −1 bandwidth continuous wave (CW) Yb fiber laser in 2009 [1] . Another approach to obtain broadband mid-IR laser is to use a broadband phase-matched PPLN or APLN when pumped by a conventional narrow line-width laser. Short-length PPLN is typically used to generate broadband mid-IR laser through the methods of difference frequency generation (DFG) and optical parametnc amplifier (OPA). However, the short length and resultant low gain, of this PPLN limits the power output scalability. APLN, which is commonly optimized by using the simulated annealing method [2, 3] , is characterized by both high gain coefficient and broad phase-matching bandwidth, However, APLN has a complex design and is difficult to fabricate in such a manner as to obtain the desired domain structure with acceptable duty cycle.
In addition to PPLN and APLN, adiabatic PPLN [4] and two-dimensional (2D) designed PPLN [5] are also reported to generate broadband mid-IR laser, but the fabrication of these types of PPLN is likewise difficult.
Compared with the various PPLN/APLN types, the chirped PPLN is widely used in pulse compression, biphoton generation, broadband OPA, and femto-second OPOs [6] [7] [8] [9] [10] . The design and fabrication of the chirped PPLN is easier than that of APLN, and more importantly, the chirped PPLN retains the characteristics of both high gain coefficient and broad bandwidth.
Theoretical analysis shows that the chirped PPLN may exhibit a serious ripple phenomenon in its spectral output [11] , which is not conducive to the generation of a well-shaped spectrum profile under high conversion efficiency in OPA and OPG. To mitigate this ripple phenomenon, the apodized PPLN is presented by changing the duty cycle of the gratings [12] . However, a disadvantage of this approach is that the change in duty cycle may result in a smaller conversion efficiency than that using the normal chirped PPLN.
Given its ease of design and fabrication, the chirped PPLN is typically used to generate broadband laser output under a femto-second laser pump [9, 10] . However, the synchronous pumping condition required by the femtosecond OPOs makes the whole system complex. The first nanosecond OPO based on a chirped PPMgLN was realized by Tillman et al. in 2007 when pumped by a Nd:YLF solid state laser with a 3-ns output pulse [13] . They obtained an approximately 20-mW mid-IR laser output around 3 220 nm when using a chirp structured PPMgLN. However, the spectrum of the mid-IR output was not specified.
In this letter, we report a fiber laser-pumped, linearly chirped, PPMgLN-based OPO for compact broadband mid-IR output. The fiber laser-pumped nanosecond OPOs represent a new generation of compact, highpower parametric devices for their excellent beam quality, simple thermal management schemes, and ultrahigh electrical-optical conversion efficiencies of such pump sources [14] . Several fiber laser-pumped OPO systems for the generation of high power mid-IR output by using home-made PPMgLN crystals but with limited spectral width have been previously demonstrated [15, 16] . In this work, however, a linearly chirped PPMgLN is home fabricated and then used in the experiment to enable the generation of high-power, high-efficiency broadband mid-IR output power exceeding 1.2 W with a smooth spectral profile and a 3-dB bandwidth of 150 nm. This work is, to the best of our knowledge, the largest bandwidth high-power mid-IR laser in a nanosecond fiber laser-pumped chirped PPMgLN-based OPO.
The scheme of the experimental setup is shown in Fig. 1 . The chirped PPMgLN wafer was fabricated using a high-voltage trigging technique similar to that reported in Ref. [17] . The wafer was 50×15×1 (mm) in size, and had four-channels (CH0-CH3) with different chirping parameters. Fig. 2(a) for channel distribution) and used as the reference control. To illustrate the characteristics of the chirped PPMgLN, the Fourier transform of the phase matching frequencies in CH1 is shown in Fig. 2(b) . Both end facets of the PPMgLN wafer were finely polished and coated with antireflection films covering wavelengths of 3.2 to 4.0, 1.4 to 1.6 and 1.064 µm. The chirped PPMgLN was mounted on a copper base. When inserted into an OPO cavity, the crystal was oriented from a shorter to a longer grating period along the pump laser direction, i.e., the shorter grating period was close to the pump laser input end. Such orientation of the chirped PPMgLN was very important [13] for the broadband mid-IR generation, especially when the conversion efficiency of the OPO was high. The chirped PPMgLN-based OPO was designed as a double-pass single resonant cavity structure. The cavity of the OPO was composed of two concave mirrors with cavity length of 60 mm. The input mirror, with a curvature of 500 mm, was coated for high transmissivity at 1.064 µm (T >95%), and high reflectivity from 1.4 to 1.6 µm (R >99%) and from 3.2 to 4.0 µm (R >99%), whereas the output coupler with a curvature of 200 mm was coated for high reflectivity at a wavelength of 1.064 and 1.4 to 1.6 µm (R >98%), high transmissivity from 3.2 to 4.0 µm.
The pump source used in the experiment was a master oscillator power amplifier structured linearly polarized pulsed Yb fiber laser, as previously reported in Ref. [18] . The bandwidth of the output fiber laser was approximately 0.5 nm. An optical isolator was placed between the fiber laser and the OPO to hinder the feedback of the pump laser from entering the OPO and prevent damage to the fiber laser. By using a single convex lens with a focusing length of 150 mm, the pump beam was focused into CH1. The focused pump beam diameter at waist was measured to be approximately 210 µm (measured by a beam profiler, high-power nanoscan HP-NS-PYR0/9/5, from Photon, Inc.), located at the one-third position of the cavity close to the input mirror. When the pump power was 10.15 W with a repetition rate of 40 kHz (the pulse width under this condition was approximately 75 ns), we obtained a 1.22-W broadband mid-IR laser output centering at 3.6 µm. This power was measured by directing the output of the OPO through a dichroic reflector, which allowed high reflection from 1.4 to 1.6 µm (R >99%) and high transmission from 3.2 to 4.0 µm (T >98%). The output power dependence of the mid-IR laser on the input pump power is shown in Fig. 3 . The maximum conversion efficiency from the 1.06 µm pump laser to the broadband mid-IR was approximately 12.0%. Considering that the high reflection output coupler was used in the experiment, the slope efficiency was limited to approximately 16.6%. Figure 4 illustrates the measured signal and the idler spectra of the OPO. The bandwidth of the signal (measured by an optical spectrum analyzer, AQ6375, with a resolution of 0.1 nm) was approximately 13 nm, with a rippled spectral profile quite similar to that obtained from theoretical design.
The bandwidth of the corresponding idler (measured by Omni-λ 300 Spectrograph, Zolix, China with a resolution of 1 nm) was approximately 150 nm. However, the idler output exhibited a smooth differed shaped spectrum with negligible ripple, which completely from the signal spectral profile. Comparing Figs. 4(a) and (b) , the measured idler bandwidth in the experiment was evidently wider than that directly calculated from the measured signal spectrum. We attributed such difference of actual spectral width in the idler output from that calculated from the signal and pump spectra to the noncollinear phase-matching of the OPO, as mentioned in Ref. [16] .
We also investigated the performance of CH2 with a wider idler output (designed for 300-nm bandwidth). However, we found that the wafer would likely break down with the occurence of OPO resonance even under the same pump condition as CH1. This problem became more serious when pumping the chirped channel 3 for 500-nm bandwidth mid-IR laser generation. We initially attributed this problem to the complex sum frequency generation that would produce a significaritly shorter wavelength or to the random coherent broadband laser pulse compression when pumped by a high peak power, long-pulse laser. Further investigation is necessary to clarify the mechanism involved.
In conclusion, we demonstrate a compact, linearly polarized, pulsed fiber laser-pumped, high-power, highefficiency OPO with broadband mid-IR laser output. The conversion efficiency of the broadband mid-IR output at the maximum power of 1.22 W is approximately 12% with a 3-dB bandwidth of 150 nm and negligible ripple in spectrum. The techniques applied in this work can be used for the development of compact mid-IR laser with wider spectral output.
